1. Concave-downward double-reciprocal plots were obtained for rabbit erythrocyte purine nucleoside phosphorylase when the concentration of Pi was varied over a wide range at a fixed saturating concentration of either inosine or deoxyinosine. Similar behaviour was also displayed by the calf spleen enzyme. 2. The degree of curvature of double-reciprocal plots was greatly modified by the presence of S042, introduced into the assay mixture with the linking enzyme xanthine oxidase; competitive inhibition by S042-was observed over a narrow range of high Pi concentrations. 3. Partial inactivation with 5,5'-dithiobis-(2-nitrobenzoic acid) resulted in a marked alteration in the kinetic properties of the enzyme when Pi was the variable substrate. 4. Initial-velocity data are expressed in the form of Hill plots, and the significance of such plots is discussed.
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Purine nucleoside phosphorylase (purine nucleoside-orthophosphate ribosyltransferase, EC 2.4.2.1) from various sources has been shown to display nonlinear double-reciprocal plots when the concentration of inosine is varied over a wide range at a fixed, saturating concentration of the second substrate, Pi (Kim et al., 1968; Turner et al., 1971; Agarwal et al., 1975; Savage & Spencer, 1977) . For the human enzyme, the effect of varying the concentration of phosphate at a fixed concentration of inosine has only been investigated over a very narrow range of high Pi concentrations (Kim etal., 1968) , and doublereciprocal plots appeared to be linear within this range. In most of the studies on purine nucleoside phosphorylase previously reported, xanthine oxidase is utilized in the enzyme-linked assay method devised by Kalckar (1947) . It seems inevitable that (NH4)2SO4 was introduced into the assay mixture in these studies, since commercial preparations of xanthine oxidase are usually supplied as suspensions in 65 %-satd. (NH4)2SO4 solution. Possible effects of (NH4)2SO4 on the initial velocity of the reaction catalysed by purine nucleoside phosphorylase do not appear to have been considered.
In the present study, using purine nucleoside phosphorylase from rabbit erythrocytes and calf spleen, the Pi concentration range has been considerably extended in order to reveal any deviation from linearity that might occur at low Pi concentrations. Furthermore, the inhibition of purine nucleoside phosphorylase by (NH4)2SO4 is reported and the effect of using SO42--free xanthine oxidase on the shape of double-reciprocal plots, with Pi as the variable substrate, is considered. An analysis of initial-velocity data in the form of Hill plots is presented and the usefulness of such plots is discussed. Vol. 179 Experimental Chemi'cals Inosine and 2'-deoxyinosine were obtained from BDH, Poole, Dorset, U.K.
Purine nucleoside phosphorylase Purine nucleoside phosphorylase was partially purified from rabbit erythrocytes to a specific activity of 25 units/mg by using a procedure similar to that previously described (Savage & Spencer, 1977) , except that DEAE-Sephadex was replaced by DEAESepharose. The enzyme was stored in 50mM-Tris/HCl buffer, pH 7.5, at 4°C, and used within 3 days of the final purification step. No detectable loss of activity occurred during this time. Calf spleen purine nucleoside phosphorylase was supplied by Boehringer, Mannheim, Germany.
Treatment of xanthine oxidase
Xanthine oxidase (Boehringer) supplied as a suspension in 65 %-satd. (NH4)2SO4 solution, was collected by centrifugation at 6000rev./min for 30min by using an MSE 18 centrifuge and dissolved in 50mM-Tris/HCl buffer, pH 7.5. The solution was extensively dialysed against several changes of the same buffer and finally concentrated to a small volume by using an Amicon Diaflo ultrafiltration cell (Amicon, High Wycombe, Bucks., U.K.) fitted with a UM 10 filter. Where untreated xanthine oxidase was used, the enzyme was used directly as supplied.
Purine nucleoside phosphorylase activity
The assay of enzymic activity and definition of the enzyme unit used was as previously described (Savage & Spencer, 1977 (Kim et al., 1968 When the concentration ofP, was varied over a wide range at a fixed saturating concentration of either inosine or 2'-deoxyinosine, non-linear double-reciprocal plots were obtained (Fig. 1) . In these experiments, extensively dialysed xanthine oxidase was present in an amount in excess of that required for the maximum rate of conversion of the product hypoxanthine into uric acid; addition of further xanthine oxidase did not affect the results shown in Fig. 1 at either high or low concentrations of P1. Furthermore, zero reaction rates were observed in the absence of added Pi, indicating that P1 contamination of the assay mixture did not occur under the conditions used.
Inhibition by S042-When untreated xanthine oxidase was used in the assay mixture under conditions identical with those described for Fig. 1 nucleoside phosphorylase The reaction mixture contained 50mM-Tris/HCI buffer, pH7.5, 2.OmM-inosine or 2.OmM-2'-deoxyinosine, as indicated, D.06 EC unit of dialysed xanthine oxidase, 2,1 of rabbit erythrocyte purine nucleoside phosphorylase (concentration 85,ug/ml and specific activity 25 units/mg) and various amounts of NaH2PO4 in the final volume of 3 ml at a temperature of 300C. Conditions for the measurement of reaction rates and for the treatment of xanthine oxidase were as described in the text. Each point represents the average value of triplicate determinations, performed for each concentration of Pi. *, Initial velocity at a fixed concentration (2.0mM) of inosine; o, Initial velocity at a fixed concentration (2.0mM) of 2'-deoxyinosine.
(NH4)2SO4 solution, it seemed a likely possibility that inhibition by S042-with respect to Pi may occur when untreated xanthine oxidase is used. To test this possibility, the effect of (NH4)2SO4 on the initial velocity with Pi as the variable substrate was investigated; competitive inhibition patterns were observed over the limited, high Pi concentration range studied (Fig. 2 ).
Identical results were obtained when Na2SO4 was substituted for(NH4)2SO4, indicating that S042-is the inhibiting species, since Na+ ions are a normal component of the reaction mixture.
Previous kinetic studies on rabbit erythrocyte purine nucleoside phosphorylase showed that nonlinear double-reciprocal plots were obtained when the concentration of inosine was varied over a wide range at a fixed saturating concentration of Pi (Savage & Spencer, 1977) . When these experiments were repeated with extensively dialysed xanthine oxidase, results were obtained identical with those previously reported when untreated xanthine oxidase was used. This result would be expected, since the fixed concentration of P1 used in these experiments (50.0mM) was sufficiently high to prevent any observable inhibition by S042, present only at a comparatively low concentration (approx. IO.OmM).
Failure to observe non-linearity in double-reciprocal plots for human purine nucleoside phosphorylase 1979 ution and therefore was extensively dialysed to remove S042-and the enzyme stored in 50mM-Tris/HCI buffer, pH 7.5, before use.
It has been shown that bovine erythrocyte purine nucleoside phosphorylase displays completely linear double-reciprocal plots with both inosine and 2'-deoxyinosine as the variable substrate in the presence of a saturating concentration of Pi (Agarwal et al., 1975 (Agarwal & Parks, 1969; Agarwal et al., 1975) . Calf spleen purine nucleoside phosphorylase was found to display kinetic behaviour similar to that reported by Agarwal et al. (1975) for the bovine spleen enzyme; non-linear double-reciprocal plots were only observed with 2'-deoxyinosine as the variable substrate (Fig. 3) . In contrast, non-linear plots were obtained with both inosine and 2'-deoxyinosine when rabbit erythrocyte purine nucleoside phosphorylase was used under similar conditions (Fig. 3) . Furthermore, non-linear plots were obtained for calf spleen purine nucleoside phosphorylase when Pi was the variable substrate, irrespective of whether the fixed, saturating substrate was inosine or 2'-deoxyinosine (Fig. 4) , provided that the concentration of Pi was varied over a wide range of values and the assay mixture was essentially free from S042-contamination.
Effect of 5,5'-dithiobis-(2-nitrobenzoic acid)
Previous studies have shown that both human and rabbit purine nucleoside phosphorylase are partially inactivated in a time-dependent manner on incubation with excess 5,5'-dithiobis-(2-nitrobenzoic acid) (Agarwal & Parks, 1971; Savage & Spencer, 1977) . Kinetic studies with the partially inactivated enzyme revealed completely linear double-reciprocal plots with inosine as the variable substrate. In the present study, partially purified rabbit erythrocyte purine nucleoside phosphorylase was treated with 5,5'-dithiobis-(2-nitrobenzoic acid) in the manner previously described (Savage & Spencer, 1977) and the partially inactivated enzyme extensively dialysed against 50mM-Tris/HCl buffer, pH7.5. The treated enzyme was then used to investigate the effect of varying the Pi concentration on initial reaction rates.
In contrast with the previous studies with inosine as the variable substrate, non-linearity was not completely abolished (Fig. 5) . Control values were obtained by using untreated purine nucleoside phosphorylase, diluted to give the same reaction rate as the treated enzyme at saturating phosphate concentrations.
Further analysis of initial-velocity data
Information about the details of the binding process can often be inferred from Hill plots, which utilize initial-velocity data. When used in this manner, it is assumed that the steady-state velocity is proportional to the fractional saturation of the enzyme at equilibrium, and the Hill equation (Hill, 1910) substratefor rabbit erythrocytepurine nucleosidephosphorylase, after partial inactivation with 5,5'-dithiobis-(2-nitrobenzoic acid) Conditions for the partial inactivation of rabbit erythrocyte purine nucleoside phosphorylase with 5,5'-dithiobis-(2-nitrobenzoic acid) were as previously described (Savage & Spencer, 1977) . The conditions for the assay of purine nucleoside phosphorylase activity were as described for Fig. 1 . o, Initial velocity of partially inactivated purine nucleoside phosphorylase; *, initial velocity of untreated purine nucleoside phosphorylase (control).
indicate negative co-operativity of substrate binding (Scrutton & Schramm, 1977) . At substrate concentrations near zero or near saturation, the slope of the Hill plot should approach unity, irrespective of the mechanism of the binding process, provided that sufficient experimental data are available over these concentration ranges.
In the present study the variation of the initial rate with P1 concentration, at a constant saturating concentration of either inosine or 2'-deoxyinosine, was investigated over a wide range (0.005-50mM) of Pi concentrations, and the results were expressed in the form of double-reciprocal plots covering two principal ranges (Fig. 6) . The main point of interest to be seen from these plots and from Fig. 1 Hill plot ofinitial velocity datafor partially purified rabbit erythrocyte purine nucleoside phosphorylase with phosphate as the variable substrate at a fixed concentration ofinosine Initial-velocity data were obtained over the P1 concentration range shown in Fig. 6 (b). Conditions were as described for Fig. 1. tremities of both high and low ligand concentrations can be reasonably described by equations that define a straight line of unit slope (Cornish-Bowden & Koshland, 1975) . Furthermore, extrapolation of the asymptotes to the log [S] axis yields an intercept numerically equivalent to an intrinsic association constant corresponding to either the first or last ligand-binding step. Thus extrapolation of the asymptote at high ligand concentrations will give an estimate of the association constant corresponding to the last ligand-binding step, and extrapolation ofthe asymptote at low ligand concentrations will give an estimate of the association constant corresponding to the first ligand-binding step. Although the asymptotes in Fig. 7 are not clearly defined, there appears to be an estimated 10-fold difference in the magnitude of the association constants K1 and K3, as defined by Cornish-Bowden & Koshland (1975) , corresponding to the first and last Pi-binding steps respectively.
However, it must be remembered that interpretation of Hill plots in this way is only strictly valid if the fractional saturation of the enzyme is proportional to the steady-state velocity over the entire range of substrate concentrations considered. Therefore Hill plots obtained from kinetic studies should be interpreted with caution and should only be considered 'working hypotheses' until binding data have been obtained.
Discussion
In the present study, non-linear double-reciprocal plots with P1 as the variable substrate were only observed when initial-velocity data were obtained over a wide range of P1 concentrations, and then only if the assay mixture was essentially free from S042-contamination. Failure to meet these conditions may result in apparently linear double-reciprocal plots, similar to those reported for human purine nucleoside phosphorylase with Pi as the variable substrate (Kim et al., 1968) .
It was proposed previously that the non-linear double-reciprocal plots obtained for rabbit erythrocyte purine nucleoside phosphorylase with inosine as the variable substrate may reflect negative cooperative binding of the substrate (Savage & Spencer, 1977) . Although double-reciprocal plots that are concave-downward are often characteristic of enzymes that display negative co-operative binding of substrate, diagnostic evaluation in favour of such a mechanism can only be justified when other possible explanations are reasonably excluded. No evidence was found for the occurrence of multiple molecular forms of rabbit erythrocyte purine nucleoside phosphorylase, and furthermore, the enzyme showed no tendency to dissociate in the presence of saturating concentrations of either or both substrates, indicating that dissociation of the enzyme into active subunits, with different kinetic properties, does not occur (Savage & Spencer, 1977) . It is concluded, then, that the shape of the double-reciprocal plots reflects a real kinetic property of the rabbit enzyme in the phosphorolysis of inosine and 2'-deoxyinosine under the conditions used in these experiments and cannot adequately be ascribed to the presence of more than one active molecular form of the enzyme.
As a consequence of the non-linear doublereciprocal plots observed with rabbit erythrocyte purine nucleoside phosphorylase, reaction-sequence and product-inhibition studies must be confined to regions representing very narrow ranges of variable substrate concentrations where double-reciprocal plots appear to be linear. The limitations inherent in enzyme studies of this type should be recognized; the predominant reaction mechanism inferred from studies performed over a narrow range of substrate concentrations may not necessarily represent that which predominates when the substrate concentration is varied over a much wider range of values. With this in mind, an ordered sequential reaction sequence was inferred for the addition of substrates to rabbit erythrocyte purine nucleoside phosphorylase under the limiting conditions used (Savage, 1978) , and product-inhibition studies were consistent with a mechanism where the nucleoside is the first substrate to add to the enzyme and the purine base the last product to leave the enzyme surface. Further, the inhibition patterns obtained were consistent with a Theorell-Chance mechanism (Theorell & Chance, 1951; Cleland, 1963 Cleland, , 1970 (Savage & Spencer, 1979) and elsewhere (Savage, 1978) , evidence is presented that indicates that inosine and guanosine readily bind to the native rabbit enzyme, whereas orthophosphate under similar conditions will apparently only bind to the enzyme that already has the nucleoside bound. It may be pertinent at this point to mention that a random reaction sequence may give rise to non-linear double-reciprocal plots (Dalziel, 1958) , since such a mechanism provides the possibility of more than one enzymic form with which the substrate may react on the way to products. However, in view of the above findings, it seems unlikely that a random reaction sequence contributes in a kinetically significant way to the observed non-linear plots. It therefore seems reasonable to propose that the kinetic behaviour displayed by rabbit erythrocyte purine nucleoside phosphorylase reflects negative, antagonistic, homotropic interactions between the active sites of the enzyme; the results are consistent with a model similar to that proposed by Conway & Koshland (1968) in which the binding of substrate to one subunit induces changes in the other subunits resulting in a decrease in affinity between the substrate and vacant sites of the neighbouring subunits of the enzyme. The symmetrical model of Monod et al. (1965) apparently cannot explain such kinetic behaviour.
The expression of substrate-binding data in the form of a Hill plot can often yield information about the details of the binding process. In the present study, the fractional saturation (that is the fraction of the total number of binding sites occupied by the substrate) is estimated as vlVmax. where v and Vmax. are the initial and maximum velocities respectively. Although initial-velocity data are frequently manipulated in this way, it must be remembered that it is necessarily assumed that v is proportional to the fractional saturation over the entire range of substrate concentrations studied, an assumption that clearly warrants verification before assessment of such plots can be reasonably justified. However, there are many cases in which the assumption has been correct (Cornish-Bowden & Koshland, 1975) 
